We compared wood density (WD) and water content (WC) between a dry evergreen forest (DEF) and dry deciduous forest (DDF) in central Cambodia. Wood core samples of 53 species from DEF and 54 species from DDF were collected. Average WD and WC in all species were similar between DEF (0.64 g/cm 3 of WD; 0.40 g/cm 3 of WC) and DDF (0.64 g/cm 3 of WD; 0.42 g/cm 3 of WC), although the average WC of five tree species that appeared in both forest types was higher in DDF than that in DEF. Tree size effects on WD and WC were negligible in both DEF and DDF. Intraspecific differences of those effects on WD and WC were also not observed in major canopy species in DDF and DEF, except for WD of Shorea obtusa in DDF, whose value increased with increasing tree diameter. Tree life-forms such as canopy, subcanopy, and understory species did not affect WD and WC in both forest types, although canopy gap species in DEF showed the smallest WD among the life-forms. The relationships between WD and WC in DEF and DDF were negatively correlated, and both regression equations did not differ between forest types. Overall, there were little differences on average WD and WC between DEF and DDF trees, even though their species composition and tree ecological traits were significantly different between forest types in central Cambodia.
monsoon area of the peninsula, such as Thailand and Vietnam, although the loss of forest area has accelerated in recent decades (FAO 2007) . DEF and DDF are major forest types and account more than 70% of the total forest area in Cambodia (Srun 2014) . Each forest type consists of significantly different tree species with different ecological traits, such as leaf phenology, maximum tree height, and photosynthesis (Hozumi et al. 1969 , Iida et al. 2013 , Ishida et al. 2006 , Ogawa et al. 1965 . Soil conditions also differ between the forest types; DEF usually has a thick soil depth, whereas DDF shows a JARQ 51 (4), 363-374 (2017) https://www.jircas.go.jp
Comparison of Wood Density and Water Content Between Dry Evergreen and Dry Deciduous Forest Trees in Central Cambodia Introduction
Tropical dry forests occur in the Indochina Peninsula, which experiences severe dry spells, sometimes lasting several months without rainfall. In this region, there are two distinct types of dry forests in lowland areas (Ashton 2014 , Hozumi et al. 1969 , Ogawa et al. 1965 , namely dry evergreen forests (DEF) and dry deciduous forests (DDF). Cambodia is located in the center of the peninsula and still maintains relatively high forest coverage (59.1% in 2006) compared with adjacent countries in the same JARQ 51 (4) 2017 K. Tanaka et al. thinner soil depth and drier soil conditions (Sakurai et al. 1998 , Toriyama et al. 2011 . Several researchers have been pointed out that a thicker soil depth with large water storage in DEF may allow leaf transpiration activity during the dry season, and consequently trees could maintain evergreen leaves (Murata et al. 2012 , Ohnuki et al. 2008 ). Thus, drought stress for forest trees may be higher in DDF, which has smaller soil water storage as compared with DEF.
The traits of stem woody parts, namely wood density and water content, have a strong relationship with their functional traits, such as drought tolerance, crown architecture, growth rate, survival, and photosynthesis, especially in tropical forests (Bucci et al. 2004 , Hiromi et al. 2012 , Inoue et al. 2015 , Ishida et al 2008 , Kenzo et al. 2011 , Markesteijn et al. 2011 , Martin et al. 2013 , Santiago et al. 2004 . For example, trees with low wood density exhibit a faster growth rate compared with trees of high wood density, whereas trees with high wood density usually have a high survival rate due to their stronger resistance to physical stress, pathogens, and pest attacks (Curran et al. 2008 , King et al. 2005 , Kitajima 1994 . Stem water storage is also related to wood density and may partially compensate for increases in drought stress in Central and South American dry tropical forest trees (Holbrook et al. 1995 , Meinzer et al. 2004 ). Thus, a recent synthesis has been proposed as an integration of a wood economics spectrum and as a pivotal axis of plant functional strategies (Chave et al. 2009 ).
Wood density also has another important factor in identifying forest biomass (Baker et al. 2004) , because the coefficients of allometric equations depend on wood density (Chave et al. 2005 , Komiyama et al. 2005 . Kenzo et al (2009ab) reported that allometric equations obtained from trees with high wood density provided a much higher estimate of the biomass of low wood density trees having the same tree diameter, which was overestimated by more than twice in Malaysian tropical forests. In addition, several studies reported that variations in community-averaged wood density among different forest types significantly affected forest biomass in South American tropical forests (Malhi et al. 2006 , Saatchi et al. 2007 , but see Stegen et al. 2009 ).
Environmental conditions, such as precipitation and soil fertility, may affect wood density and water content (Fortunel et al. 2012 , Onoda et al. 2010 , Sungpalee et al. 2009 ). In fact, tree species in drier areas had higher wood density than those in rich rainfall areas in Central and South American tropical forests (BarajasMorales 1987 , Chave et al. 2006 , Holbrook et al. 1995 , Lohbeck et al. 2013 , Wiemann & Williamson 2002 . A slower growth rate in drier forest trees than that of wetter forest trees may cause this difference (Barajas-Morales 1987) . Several tree species with low growth rates such as understory trees also showed higher wood density than fast growing species such as pioneer species (MullerLandau 2004 , Poorter 2008 , Suzuki 1999 . High wood density may be adaptive to a dry environment because those trees have high tolerance to drought stress with low stem water potential, by having high physical strength with thick cell walls (Holbrook et al. 1995 , Markesteijn et al. 2011 , Onoda et al. 2010 . Lower soil fertility also affects tree wood density. Slik et al. (2010) reported that tropical heathy forest trees under depleted soil conditions showed relatively high wood density compared with lowland dipterocarp forest trees in Borneo. However, variations in wood density among the forest types in Southeast Asia are not clear compared with those among South American tropical forests (Barajas-Morales 1987 , Chave et al. 2006 , Turner 2001 . In addition, tree life-forms such as canopy, understory, and canopy gap species may affect these woody traits, because several plant functional traits, including wood and leaf traits, significantly differ between the life-forms in several forest biomes (Ichie et al. 2016 , Iida et al. 2012 , Kenzo et al. 2007 , 2016a , Tanaka-Oda et al. 2016 , Thomas 1996 .
In the present study, we hypothesized that trees in DDF might have high wood density and water content compared with those in DEF, because the growth rate of DDF trees might be limited by a drier soil condition and stem water storage might have a substantial role against the mitigation of drought stress in DDF. The tree wood stem consists of solid wood material, and gas and water fractions (Colgan et al. 2014 , Poorter 2008 . Despite the high wood density (high solid wood material), increased water content in DDF trees in our expectation may be achieved by the gas fraction, which can be filled by water (Colgan et al. 2014) . In fact, a substantial amount in the stem volume occupied by the gas fraction has been reported in temperate (30% on average and maximum of 60%, Gartner et al. 2004 ) and tropical forest trees (15% on average and maximum of 38%, Poorter 2008), respectively. To test our hypothesis, we compared the wood density and water content of various species that included the dominant canopy species in the DDF and DEF studied in central Cambodia. We also focused on the differences in wood traits between the tree life-forms in both forest types.
Materials and methods

Study site
This study was conducted in four forest stands: two DEF stands, one DDF stand in Kampong Thom Province (12°44′N, 105°28′E), and one DDF stand in Kratie Province (12°55′N, 106°11′E), Cambodia. We chose these sites as representative forests for DDF and DEF in central Cambodia. Both annual rainfall (approx. 1500-1700 mm) and mean temperature (approx. 27°C) are similar between the provinces (Iida et al. 2013 (Iida et al. , 2016 . Most rainfall occurs during the rainy season from May to October (Iida et al. 2013 (Iida et al. , 2016 . The vegetation at the DEF sites primarily consisted of species from Clusiaceae, Dipterocarpaceae, Leguminosae, and Myristicaceae families (Kenzo et al. 2012) . Most of the canopy trees in DEF were 30-40 m in height (Fig. 1) . The soil type in DEF was primarily Acrisols based on FAO and WRB classification, and the depth of the soil layer reached 10 m (Ohnuki et al. 2008) .
The vegetation at the DDF sites primarily consisted of species from Combretaceae, Dipterocarpaceae, and Leguminosae families (Kenzo et al. 2016c ). All tree species shed leaves during the dry season, although leaf phenology in canopy trees significantly varied according to species (Iida et al. 2016) . Most canopy trees were 12-20 m in height. Tall grass (approx. 1 m in height) and dwarf bamboo (Vietnamosasa pusilla, Poaceae) densely covered the forest floor (Fig. 1 , Kenzo et al. 2016c ). The surface geology consisted of old sedimentary rocks and terrace gravel, and the soil type was Plinthosol according to the FAO classification: the depth of the soil layer ranged from 100 to 300 cm (Ohnuki et al. 2008) . Another DDF stand in Kampong Thom Province was also similar in terms of vegetation and environmental conditions.
Wood core sampling and plant materials
We collected wood core samples (approx. 5-20 cm in length; one or two samples per tree) at approximately 1 m in height by using an increment bore, mainly during the early dry season from November to December. In total, 71 tree individuals representing 53 species of 27 families from DEF and 116 tree individuals representing 54 species of 22 families from DDF were collected (Appendixes 1 & 2). Most collected species were common tree species, which covered dominant canopy species, in DEF and DDF in Kampong Thom and Kratie Provinces (Tagane et al. 2015 , Top et al. 2009 , Toyama et al. 2013 . The nomenclature was checked in The Plant List, version 1.1 (http://www.theplantlist.org/). Only five species (Memecylon scutellatum, Parinari anamensis, Symplocos cochinchinensis, Syzygium antisepticum, and Syzyium oblatum) were collected in both forest types (Appendixes 1 & 2). Fresh weight and volume of the sampled cores were immediately measured to calculate the water content. These cores were oven-dried at 100°C for >72 h until reaching a constant mass. Wood density was determined as wood dry mass per fresh volume and wood water content as wood water mass per fresh volume (Suzuki 1999) .
Categories of tree life-forms
Tree species fell into four life-form categories in DEF and three categories in DDF based on mature tree height (understory, subcanopy, and canopy species) and whether canopy gap species in DEF. The height of mature trees and life-form categories of each species were determined by observation and literature surveys. We primarily followed the Field Guide to Forest Trees of Northern Thailand (Gardner et al. 2000) , the incomplete series of the Flora of Thailand, and other flora records in Cambodia (Pauline 2000 , Tagane et al. 2015 , Toyama et al. 2012 . Thereafter, the tree species were classified into three categories based on mature height and field observation: forest understory (≤ 15 m), subcanopy (16-24 m), and canopy (≥ 25 m) species for DEF; and forest understory (≤ 8 m), subcanopy (9-14 m), and canopy (≥ 15 m) species for DDF. Tree species that primarily grow A B that appeared in both forest types. Differences in the regression equations of both forest types between wood density and water content were determined by analysis of covariance (ANCOVA). All statistical tests were conducted with SPSS for Windows, version 17.0 (SPSS Inc., Chicago).
Results and discussion 1. Average wood density and water content in DEF and DDF Average wood density and water content in all species were similar between DEF and DDF, although several tree species in DEF showed lower wood density than DDF trees (Fig. 2 , Table 1 ). The similarities in wood traits between forest types were not consistent with our prediction that the density and water content of DDF trees have higher values than those of DEF trees. Although a precise reason for the minor differences between the forest types in central Cambodia was unknown, trees in DEF may also suffer strong drought stress, which may adversely affect wood density and water content, especially during the dry season. In fact, leaf-level physiological traits in various DEF tree species during the dry season revealed evidence of strong drought stress, such as stomatal closing in taller trees (e.g., taller than 10 m), even though they maintained leaf photosynthetic ability by absorbing groundwater (Kenzo et al. 2012) . Moreover, large interannual variations of rainfall in Cambodia may cause strong drought stress for DEF trees because exceptional leaf shedding occurs in evergreen canopy trees during the dry season in years of extremely low rainfall (Iida et al. 2013) . Trees in DEF with high wood density may afford high tolerance to drought stress with low stem water potential by having high physical strength with thick cell walls during the dry season (Holbrook et al. 1995 , Onoda et al. 2010 , especially in tall canopy trees with large gravity potential (Kenzo et al. 2015 , Ryan et al. 2006 . Several researchers also found that tree species in canopy gaps were classified independently (canopy gap species) in DEF, although we did not categorize gap species for trees in DDF due to an unclosed forest canopy in the forest type (Fig. 1) .
Statistical analysis
We conducted analysis of variance (ANOVA) with Tukey's HSD multiple comparison tests to determine the differences in wood traits between both forest types and life-forms. We also conducted paired t-tests to determine the differences in wood traits of five tree species with high wood density were able to survive the severe drought event during 1997-1998 El Niño as compared with lower wood density species in Bornean tropical rainforest (Bebber 2000 , Hiromi et al. 2012 . Further large datasets on community-level wood density and water content from broad climate zones in tropical Southeast Asia are needed to clarify the precise relationship between wood traits and environmental conditions, especially for precipitation and dry spell length. In fact, lower community-level wood density has been reported in tropical rainforests in Kalimantan ( 
Wood density and water content in five tree species appearing in both forest types
We obtained conflicting results for wood water content at intraspecific and community levels in DEF and DDF, although the wood density between forest types was similar at both levels. Five tree species (Memecylon scutellatum, Parinari anamensis, Symplocos cochinchinensis, Syzygium antisepticum, and Syzygium oblatum) that appeared in both forest types showed a higher wood water content in DDF compared with DEF (Appendixes 1 & 2, Table 2 ), whereas average water content in all species was similar between the forest types (Table 1) . This difference may indicate that responses on wood water content to environmental conditions in both forest types differ at intraspecific and community levels. The ecophysiological functions of stem water storage may explain intraspecific differences in water content between the forest types. Larger stem water storage in the DDF condition contributes to flushing new leaves and refilling vessels in sap wood before the first rain in the dry season, because the wood water content in the stems in several DDFs in Central and South America significantly decreased in the dry season compared with that in the wet season (Borchert 1994 , Holbrook et al. 1995 , Sobrado 1993 ). In addition, larger water storage in the stem could mitigate severe drought stress at both diurnal and annual scales in tropical dry forest trees (Holbrook et al. 1995 , Meinzer et al. 2004 . A more detailed ecophysiological approach could provide a clear understanding of the roles Values are mean ± SE. P values for paired t-test between DEF and DDF trees. The asterisk (*) indicates significant differences between forest types by paired t-test (P < 0.05), ns indicates nonsignificant. of stem water content at intraspecific and community levels in dry tropical forests in Cambodia.
Wood traits in relation to tree size and life-forms
Wood density and water content were similar between both tree sizes and size-related life-forms (e.g., canopy, subcanopy, understory) in DEF and DDF (Fig.  3, Table 3 ), despite the negative relationship between tree size and wood density reported in several tropical rainforest trees (Becker 2012 , Poorter et al. 2010 , Thomas 1996 . Intraspecific variables between tree size (both tree diameter and height) were also small in five canopy species (Terminalia tomentosa, Dipterocarpus tuberculatus, Shorea obtusa, S. siamensis, and Xylia xylocarpa), which frequently appeared in the plot in DDF, except for a positive relationship between tree diameter and wood density in S. obtusa (Fig. 4) . The size-related changes in wood density and water content were also not significant in three canopy tree species (Anisoptera costata, Dipterocarpus costatus, and Sindora siamensis), which frequently appeared in the DEF studied (Fig. 5) . In contrast, we found a significantly lower wood density of canopy gap species in DEF (Table 3) . This lower wood density of canopy gap species is consistent with many previous studies that reported significantly lower wood density in canopy gap and secondary forest trees, due to their faster growth rate than late successional species in tropical forests in Southeast Asia (Kenzo et al. 2009ab, Osunkoya et al. 2007 , Suzuki 1999 . Conversely, the similarity of wood density between height-related life-forms in Cambodian dry forests (Table 3 ) may be related to severe drought stress during longer dry spells than in moist tropical rainforests. In tropical rainforests, size-related differences in wood traits, especially in wood density, were explained in the context of light requirements (Poorter et al. 2010) . For example, low light environment, may become weaker than that in moist tropical rainforests. Poorter and Kitajima (2007) also reported that the relationship between wood traits, especially stored resources, and light requirements is strong in moist tropical rainforests where species sort out along a light gradient; however, the relationship disappears in tropical dry forests where light is a less limiting resource and species sort out along drought or fire gradients. In a tropical dry forest, an increasing path length for water to travel to reach transpiring leaves from dry soil and an increasing gravitational potential can increase drought stress in taller canopy species (Meinzer et al. 2004 , Ryan et al. 2006 . In fact, leaves in DEF suffer strong drought stress when attached at > 10 m in height, which is applicable to canopy and subcanopy lifeforms in the present study during the dry season (Kenzo et al. 2012) . Therefore, higher wood density in taller trees, especially in DEF where canopy trees reached 40 m height, may help to overcome the vertical increment of drought stress through low xylem water potential. These environmental differences between moist rainforests and dry forests may induce different responses on wood traits between life-forms. In addition, the small range of tree height in DDF may also result in similar wood traits between both life-forms and tree sizes. Similar small intraspecific differences in wood density were also reported in a tropical mountain forest in Thailand, even after including individuals of various sizes in the analysis (Sungpalee et al. 2009 ). Small variations in wood density from pith to bark in several Cambodian trees, especially Dipterocarpaceae (Nakano & Kaburagi 1966) , were similar to the small differences observed in wood density between tree sizes in this study.
Relationship between wood density and water content
Negative relationships between wood density and water content were observed in DEF and DDF (Fig. 6) , and both regression equations were similar between the forest types (P > 0.05, ANCOVA). This trend indicated that trees with lower wood density tended to contain a large amount of stored water in their stems. Trees with low wood density usually consisted of many parenchyma cells and lumen fractions; as a result, these components could contain a large amount of water (Barajas-Morales 1985 , Holbrook et al. 1995 . In contrast, several researchers found that the relationship in tropical rainforest trees was less significant and even trees with low wood density showed low water content (Kenzo et al. 2016b , Suzuki 1999 , Osunkoya et al. 2007 ). Thus, the relationship between wood density and water content may differ among forest types in Southeast Asia. wood density species show an efficient height expansion to attain better light conditions in the exposed canopy, whereas high wood density species with a low growth rate show an efficient horizontal crown expansion to enhance current light interception and persistence in the shaded forest understory (Iida et al. 2012) . In contrast to tropical rainforests, light is a lesser limiting resource than water in dry tropical forests, especially in DDF. Consequently, the relationship between wood traits and height-related life-forms, which primarily reflect Values are mean ± SE. P values for ANOVA test between life-forms. Different superscripted lowercase letters attached to these values indicate significantly different pairwise differences, and ns indicates nonsignificant (ANOVA, Tukey's HSD multiple comparisons tests; P < 0.05). N/A indicates not applicable. ) between life-forms in dry evergreen (DEF) and dry deciduous forest (DDF).
JARQ 51 (4) 2017 K. Tanaka et al. density and remote-sensed data, such as stand volume and height in central Cambodia (Baker et al. 2004 , Chave et al. 2006 , Malhi et al. 2006 ). 
Conclusions
We found that average wood density and water content in all species were similar between DEF and DDF in central Cambodia, whereas five tree species that appeared in both forest types showed significantly higher water content in DDF than in DEF. Higher wood water content in these species in DDF may contribute to high drought tolerance in drier soil conditions compared with DEF. In addition, the wood traits were also similar between tree sizes and/or size-related life-forms (e.g., canopy, subcanopy, understory) in both forest types, except for canopy gap species, which showed lower wood density compared with other life-forms in DEF. These similarities in wood density between the forest types, life-forms, and tree sizes also contribute to the accurate estimation of forest biomass by using community-averaged wood 
